Transplantation of insulin-producing fetal pancreatic tissue into diabetic recipients has been shown to normalize blood glucose levels after several months. This time period is required for the growth and maturation of the fetal tissue so insulin levels cannot be used as a marker of graft function while the β-cell is immature. Therefore, we have examined the use of another pancreatic endocrine hormone, pancreatic polypeptide (PP), to monitor graft function. The cell that produces this hormone has been shown to be the first mature endocrine cell in the fetal pancreas. Fetal pig pancreatic tissue, both in the form of 1 mm 3 explants and islet-like cell clusters (ICCs), was transplanted into immunodeficient SCID mice and the levels of PP and insulin were measured in plasma and in the graft for up to 12 weeks. PP was detected in the untransplanted explants (0.58 pmol/mg) and ICCs (0.06 pmol/ICC) and the PP to insulin ratio was 2.7% and 5.8%, respectively. PP (but not porcine C-peptide, a marker of insulin secretion) was detectable in the plasma of SCID mice from 4 days to 3 weeks after transplantation, but not thereafter. The highest values were obtained at 4 days to 1 week. In the grafted tissue PP and insulin were present at all time points and the ratio of PP to insulin was 59%, 87%, 75%, 56%, 7%, 8%, and 7% at 4 days, 1, 2, 3, 6, 9, and 12 weeks, respectively. The decline in PP levels 3 weeks after transplantation was associated with β-cell development in the graft. PP was also secreted by fetal pig pancreatic explants transplanted into diabetic NOD/SCID mice, with plasma levels measurable in the first week after the tissue was grafted. In immunocompetent BALB/c mice transplanted with the tissue, PP was detectable in plasma for 2 days after transplantation but not at 4 days, when cellular rejection commenced, or thereafter. We conclude that plasma PP levels can be used as a marker of the viability of fetal porcine pancreatic tissue in the first 3 weeks after it is transplanted into mice. These findings may have relevance to fetal pancreatic tissue transplanted into humans if suitable techniques can be developed to separate pig from human PP.
INTRODUCTION
As an alternative to monitoring insulin levels we have examined the possibility of measuring the levels of Fetal porcine insulin-producing cells are capable of other pancreatic hormones. Glucagon from the α-cells normalizing blood glucose levels when transplanted into and somatostatin from the δ-cells cannot be used bediabetic rodents (9, 11, 17, 23) . The time taken to achieve cause the peptide is indistinguishable in the pig and the this goal is 2-4 months during which there is an inrodent. However, pig pancreatic polypeptide (PP) is difcrease in mass of β-cells and maturation in their ability ferent from mouse PP by 6 amino acids. Further, the to secrete insulin when exposed to glucose (9) . During fetal pig PP cell has been shown to be the first and only this lengthy period there has been no noninvasive mature pancreatic endocrine cell to develop before birth method to determine if the graft was developing or had (12) . It is only after birth that the other endocrine cells been rejected either because of primary nonfunction or mature. PP is a 36 amino acid peptide secreted by vagal cellular rejection. Measuring levels of porcine insulin or stimulation in response to a meal or hypoglycemia. It C-peptide in the immediate posttransplant period has inhibits the release of exocrine enzymes and delays gasbeen of no value because these hormones are not retric emptying (15) . leased in levels measurable in a radioimmunoassay until
To determine whether the plasma levels of PP were a marker of graft function we transplanted fetal pig pan-several months after transplantation (4) . 286 TUCH ET AL. creatic tissue into immunodeficient mice and developed ment of PP and insulin. The hormonal content of the ICCs in the pellet was also measured. a technique to optimize the secretion of PP from the graft. Levels of this hormone in plasma and the graft Measurement of PP and Insulin were then measured periodically for 3 months. This PP and insulin were extracted from explants, ICCs, technique was then applied to transplanting the same tisand grafts by homogenization of the tissue in acid-ethasue into immunocompetent mice, which reject the graft. nol and overnight incubation at 4°C. Levels of porcine Our data show that the levels of PP were useful as a PP in the extracts, conditioned culture medium, and marker of graft function in the first 3 weeks after transplasma of grafted mice were measured by radioimmunoplantation. Thereafter, PP levels declined as β-cell deassay with a kit using a human PP standard purchased velopment in the graft occurred.
from Phoenix Pharmaceuticals Inc. (Mountain View, MATERIALS AND METHODS CA). We determined the cross-reactivity of pig and Source of Fetal Pig Tissue mouse PP with the antibody in the kit to be 77% and 12%, respectively. Pig PP differs from human PP by Fetal pigs of median gestational age 83 days (range two amino acids (position 11: aspartate vs. asparagine; 70-105) were obtained from 11 pregnant sows killed position 23: glutamic acid vs. aspartic acid); mouse difat Bunge Meat Industries (Corowa, New South Wales, fers from human by 6 amino acids (position 6: methio-Australia), with 6-15 fetuses (median 12) per litter. The nine vs. valine; position 11: tyrosine vs. asparagine; fetuses were air freighted on ice to reach the laboratory position 21: glutamic acid vs. alanine; position 22: threwithin 4 h of the death of the mother, and the pancreases onine vs. alanine; position 23: glutamine vs. aspartic were then removed under sterile conditions. The organs acid; position 30: threonine vs. methionine), and pig difwere minced into fine fragments of approximately 1 fers from mouse by 6 amino acids (position 6: valine vs. mm 3 in size before being transplanted into mice or dimethionine; position 11: aspartate vs. tyrosine; position gested with collagenase to produce islet-like cell clusters 21: alanine vs. glutamic acid; position 22: alanine vs. (ICCs). threonine; position 23: glutamic acid vs. glutamine; po-Formation of ICCs sition 30: methionine vs. threonine. Levels of porcine insulin in tissue extracts and condi-ICCs were created by partial collagenase digestion of tioned culture medium were measured by an in-house explants with 3 mg/ml collagenase P (Boehringer Mannradioimmunoassay using human insulin standards (gift heim, Mannheim, Germany) in 20 ml Dulbecco's phosfrom Novo Nordisk, Bagsvaerd, Denmark). Attempts to phate-buffered saline for 15-20 min. The digest was measure porcine insulin in the plasma of transplanted washed twice with collagenase buffer and then cultured mice were made using a radioimmunoassay kit for porin 5% CO 2 /air at 37°C in 90-mm petri dishes with cine C-peptide (Linco Research, St. Charles, MO), RPMI-1640 medium containing 11.2 mM glucose (Trace which is secreted on an equimolar ratio with insulin. Biosciences, Castle Hill, Sydney, Australia) and supple-Cross-reactivity with mouse C-peptide is reported to be mented with 10% fetal calf serum (Trace Biosciences), <0.1%. The insulin radioimmunoassay was not used be-20 mM HEPES (Sigma, St. Louis, MO), and antibiotics cause it could not distinguish between porcine and (24) . The clusters of cells rounded up in culture over 3 mouse insulin. days. On the third day they were analyzed for their endocrine content or stimulated with either secretin or car-Transplantation of Pancreatic Explants Into bachol.
Immunodeficient Mice Static Stimulation In Vitro
Uncultured 1-mm 3 fragments of pig fetal pancreas were transplanted beneath the renal capsule of normo-ICCs were removed on the third day of culture and placed in groups of 100 in Eppendorf tubes. They were glycemic male severe combined immunodeficient (SCID) mice, as has been described previously (23) . We have washed twice with HEPES-buffered Earle's medium, which consists of 124 mM NaCl, 5.4 mM KCl, 1.8 mM shown that these grafts will normalize blood glucose levels of diabetic recipients 5-8 weeks after being trans-CaCl 2 , 0.8 mM MgSO 4 , 1 mM NaH 2 PO 4 , 14.3 mM NaHCO 3 , and 2 mM glucose supplemented with 0.2% planted (23) . In initial experiments the tissue was placed beneath the left renal capsule only, but in later experi-bovine serum albumin (Sigma) and 10 mM HEPES. The ICCs were then washed with medium containing the ments both kidneys were used in order to increase the mass of tissue transplanted. The weight of tissue grafted stimuli 10 mM carbamylcholine chloride (carbachol) (Sigma) or 1 nM porcine secretin (Sigma) before being beneath each renal capsule was 11.8 ± 0.4 mg (mean ± SEM, n = 180). Similar experiments but with larger exposed to these stimuli for 2 h. The tubes were then centrifuged and the supernatant collected for measure-amounts of pancreatic tissue were also carried out in NOD/SCID mice made diabetic by 75 mg/kg IP STZ one observer, with between 1236 and 7626 cells counted for each section analyzed. injected daily for 5 consecutive days. NOD/SCID mice were used rather than SCID mice because of the lower Hematoxylin and eosin sections of pancreas transplanted into BALB/c mice were made and analyzed to incidence of lymphoma in the former.
Animals were killed by CO 2 gassing at different times document exactly when rejection of the graft commenced. after transplantation ranging from 4 days to 12 weeks, with blood collected from the beating heart for estima-Statistics tion of PP and porcine C-peptide. To optimize the secre-Data were analyzed using one-way analysis of tion of PP in the grafted mice an IP injection of either variance with Duncan's test (p < 0.05) applied to sepaa 0.36 mM solution of 4.1 µmol/kg carbachol (5) or a rate the groups. When variances of the groups were 1.6 µM solution of 0.03 µmol/kg secretin (15, 28) was unequal, data were transformed before analysis. The given, 2 and 5 min, respectively, before the animals computer statistical package NCSS was used for all calwere killed.
culations (6) . After death the kidneys were exposed and the grafts were noted to be visible as pearly white slightly raised RESULTS masses on the surface of the kidneys. The pancreatic
Histology of Fetal Pig Pancreas grafts were shelled out from the kidneys and PP and insulin extracted by homogenization of the tissue in Cells in fetal pig pancreas containing PP were present acid-ethanol and overnight incubation at 4°C. The level singly and in clumps ( Fig. 1A) . Similar results were obof these hormones was estimated by radioimmunoassay.
tained for the other endocrine hormones, insulin ( Fig.  1B) , glucagon, and somatostatin. This contrasts to their Transplantation of Pancreatic Explants Into presence in the periphery of islets in adult pig pancreas BALB/c Mice (Fig. 1C ). To determine the levels of PP in rodents that would PP Content in Explants and ICCs reject a graft, a series of experiments was conducted in BALB/c mice. Fetal pig pancreatic tissue was trans-
The levels of PP in fetal pig pancreatic explants and planted beneath both renal capsules of these mice and ICCs are detailed in Table 1 . The relative amount of this the animals were killed 2, 4, 7, or 14 days later. Blood hormone compared with insulin was higher in ICCs than was collected and grafts were extracted for estimation explants (5.8% vs. 2.7%). of the levels of PP and insulin.
The parasympathetic agent carbachol, but not the gastrointestinal hormone secretin (Fig. 2) , stimulated se-Transplantation of ICCs Into SCID Mice cretion of PP from porcine ICCs. Carbachol, but not se-ICCs in multiples of 500 were placed in a plasma cretin, also enhanced insulin secretion. Contents of panclot and transplanted beneath the renal capsule of norcreatic polypeptide and insulin were not significantly moglycemic SCID mice in the same manner as for exdifferent among the groups, the mean levels being 166 plants. Animals were killed 4 days later after injection and 2006 fmol per 100 ICCs, respectively. The percent with carbachol, and blood was analyzed for levels of PP of pancreatic polypeptide content secreted in 2 h inand porcine C-peptide. creased from 2.3 ± 0.3% to 4.5 ± 0.4% (n = 30; p < 0.001) when ICCs were exposed to carbachol and that Histology of insulin from 1.1 ± 0.1% to 2.3 ± 0.2% (n = 30; p < Immunohistochemical staining for the pancreatic hor-0.001). mones PP, insulin, glucagon, and somatostatin was car-Optimizing Plasma PP Levels in Grafted SCID Mice ried out on paraffin sections of fetal and adult pancreas. In addition, fetal pancreas, transplanted for up to 12
Levels of PP were low in plasma of SCID mice transplanted with fetal porcine pancreatic explants beneath weeks beneath the renal capsule of SCID mice, was stained for endocrine hormones. The staining technique the capsule of one kidney. To increase these levels a greater mass of fetal pig tissue was transplanted. This used primary antibodies to the four hormones (all antibodies from Dako Corp., California), complemented by was achieved by grafting tissue beneath the capsule of two kidneys, because better vascularization of the grafts biotinylated second antibodies, streptavidin, and the chromogen 3-amino-9-ethylcarbazole (Dako) with eosin was achieved in this way. PP could then be readily detected in plasma with levels of 6.2 ± 0.5 pmol/L (n = 6) as a counterstain. Control staining was conducted omitting the primary antibodies. The percentage of fetal epi-4 days after transplantation compared with 4.5 ± 0.3 pmol/L in plasma from untransplanted mice (n = 3; p = thelial-like cells staining positively for the various endocrine hormones was estimated in a blinded manner by 0.01). Attempts were made to increase the secretion of PP into blood by injecting the mice with either carbachol levels being higher during the first 3 weeks (Fig. 4B) . Conversely, insulin levels in the graft were lowest dur-or secretin. Only the former stimulus was of benefit, with levels of 11.8 ± 2.0 pmol/L being measured ing this period (Fig. 4C) . The relative amount of PP compared with insulin was much higher in the first 3 ( Fig. 3) .
weeks than that in untransplanted tissue: 59%, 87%, Time Course of PP Levels in Grafted Normoglycemic 75%, and 56% at day 4, weeks 1, 2, and 3 after trans-SCID Mice plantation, respectively, vs. 1.4% before transplantation. A study was then conducted measuring the plasma The ratios of PP to insulin at 6, 9, and 12 weeks postlevels of PP as well as the graft content of PP at differtransplant approached pretransplant levels at 7%, 8%, ent times for up to 12 weeks after, the time when the and 7%, respectively. Plasma levels of porcine C-pepgraft has been reported as secreting sufficient insulin to tide, a marker of porcine insulin, were unmeasurable at normalize blood glucose levels in diabetic mice (9) . The any time even at 6-12 weeks when the insulin content results of this study are shown in Figure 4A . They show of the graft was highest. that PP was secreted from the grafts and could be mea-Plasma PP Levels in Diabetic Immunodeficient Mice sured for the first 3 weeks after transplantation. By 6 weeks the levels were no different from those in untrans-To exclude the possibility that hyperglycemia would impair survival of the graft and secretion of PP, fetal pig planted mice. Levels of PP were highest in the first week after transplantation (Fig. 4A) .
pancreatic tissue was transplanted into diabetic immunodeficient mice and recipients were killed 4 days or 1 PP in the grafts paralleled the plasma PP values, with 
Plasma PP Levels in SCID Mice Grafted With ICCs
Four days after the transplantation of 500 ICCs into SCID mice, the plasma PP levels postadministration of carbachol were 7.2 ± 0.3 pmol/L. These values were significantly greater than those in untransplanted mice also given carbachol (5.9 ± 0.2 pmol/L; n = 6; p = 0.02).
Plasma PP Levels During Rejection
Cellular rejection was shown to commence histologically 4 days after fetal pig pancreatic explants were Our results indicate that it is possible to monitor the **Weeks 6-12 > day 4-week 2; *week 3 > week 1. viability of fetal porcine pancreatic tissue for at least the first 3 weeks after the tissue is transplanted. This can be done by measuring the blood levels of PP. The conclusion is valid despite the fact that PP antibody used in Histology in Grafted SCID Mice the study recognized not only porcine but also mouse PP (12% cross-reactivity), because plasma PP levels were PP cells were readily identified in the grafted explants (Fig. 5 ). The percentage of PP cells was higher greater in transplanted than untransplanted mice. To the best of our knowledge, PP is the first such marker of the during the first 3 weeks after transplantation than at later times (Table 2) . In contrast, cells containing insulin or viability of insulin-producing fetal pancreatic grafts from any species described. Neither porcine insulin nor glucagon were highest from 3 weeks onwards. The percentage of epithelial cells in the grafts that were positive C-peptide, which is secreted in an equimolar ratio with insulin, can be used early in the posttransplant period for for any of the three hormones was also greatest from 3 weeks onwards (Table 2) .
this purpose because they are not secreted in measurable The column labeled endocrine cells represents the sum of the PP, β-cells, and α-cells. No attempt was made to determine if colocalization of hormones occurred in the same cell.
amounts until several months after transplantation. Fetal this increased from 2.7% prior to transplantation to 59β-cells are characterized by their inability to secrete in-87% in the first 3 weeks after grafting (Fig. 4) . The ratio sulin when exposed to glucose (8, 19, 27) , although they of PP to cells was also highest during this time (Table  are capable of releasing insulin in response to agents that 2). We hypothesize that PP cells are more resistant than increase intracellular levels of calcium (19, 25) , cyclic β-cells to destruction during the extensive remodeling of adenosine monophosphate (8, 19, 20) , and those that actithe graft that occurs after it is transplanted and before it vate protein kinase C (19, 26) . With time fetal β-cells becomes fully vascularized. Ability to detect levels of develop an ability to secrete insulin when exposed to PP in the blood of transplanted unstimulated mice is glucose, probably because oxidative metabolism of gluconsistent with the fetal porcine PP cell being mature cose improves, and they acquire the ability to generate and able to secrete PP physiologically (12). The undesufficient amounts of adenosine triphosphate for signal tectability of insulin in the blood of the mice at this time transduction of insulin secretion (13, 14) . It is the inabilcan best be explained by the immaturity of the β-cell ity of fetal β-cells to respond in an adult manner to glu-(12). Inability of the pharmacological stimulus carbachol cose that is responsible for their failure to function in to stimulate insulin secretion in transplanted mice, althe immediate posttransplant period. Insulin is not sethough it did so in vitro, is probably best explained by creted in this period and blood glucose levels of diabetic the sensitivites of the assay used to detect the hormone. recipients are not lowered. Several months after fetal
The lower limit of the porcine C-peptide radioimmunopancreatic tissue is transplanted it will mature (9,27), assay was 33 fmol/ml, which is similar to that for the significant amounts of insulin will be secreted, and insulin assay, 38 fmol/ml. This is considerably higher blood glucose levels lowered (9, 11, 17, 21) . than the lower limit of sensitivity of 2 fmol/ml for the Physiologically PP is secreted from endocrine cells PP assay. in the pancreas, appropriately called PP cells, in re-Our findings demonstrate that measurement of PP sponse to a vagal stimulus, such as eating or to hypoglycan be used as a marker of the viability of explants of cemia (15) . Because vagal innervation of islet and panfetal pig pancreas transplanted into mice as well as creas transplants does not occur, the secretion of PP ICCs. Explants are technically simpler to obtain and are from such grafts cannot be enhanced by vagal stimulacapable of normalizing blood glucose levels in diabetic tion (15, 16) . Exposure of the grafts to a cholinergic recipients (21), but they are not the form used by most agent, which mimics the effect of vagal stimulation, but researchers to transplant the tissue. It is ICCs, which are not secretin, which requires vagal tone for its effect (15), a relatively endocrine-rich form of fetal pancreas, that should stimulate the graft. Thus, insulin secretion was are preferred for transplanting (4, 9, 11, 17) , with some enhanced from adult dog islets autografted in the spleen evidence that they normalize blood glucose levels in diaby infusion of methacholine but not by vagal stimulation betic recipients more quickly than explants (10) . Our (7) . Our data indicate that PP from both untransplanted findings also indicate that PP can be used as a marker and xenografted fetal pig pancreatic tissue is stimulated of the viability of fetal pig pancreatic tissue immediately by a similar agent, carbachol (Figs. 2 and 3) .
after transplantation into diabetic recipients, not only One factor contributing to the use of PP levels as a normoglycemic ones. Hyperglycemia is known to impair marker of the viability of fetal porcine pancreatic grafts is the increase in the percent of PP to insulin secreted; the capacity of fetal rodent islet grafts to function (2),
A blood test to measure porcine PP in the immediate posttransplant period would obviate the need for graft biopsy, currently the only method available to examine viability of the fetal graft (4). Estimation of porcine Cpeptide as a marker of β-cell function is not of value until at least 2 months after transplantation (4) . It is possible that a decline in levels of PP could be used as an early marker of graft rejection and hence allow interventional immunosuppressive treatment to be commenced. This is suggested by the decline in plasma PP levels in BALB/c mice transplanted with fetal porcine pancreas at the early stages of cellular rejection (day 4), even before a significant reduction in PP content of the graft. Apart from an invasive biopsy of the graft there are no tests to detect the early stages of rejection of grafted adult human endocrine pancreatic tissue (1), as blood glucose levels are a late marker of graft failure (3). β-Cells do not produce PP so plasma PP levels cannot be used to monitor autoimmune destruction of grafts where β-cells are selectively targeted. However, it is questionable if autoimmune destruction of fetal pig insulin-producing cells occurs, as it has been shown that autoimmune human cytokines have no deleterious effect on these cells (22) and their rejection when transplanted into nonobese diabetic (NOD) mice is similar to nonpancreatic pig tissue (17) .
In conclusion, we have demonstrated that it is possible to monitor the viability of fetal porcine pancreas xenografted into immunoincompetent mice for the first 3 weeks after transplantation by measuring the levels of PP in plasma. The data from experiments in which the tissue was grafted into immunocompetent mice suggest the grafts in the hyperglycemic mice. Just as porcine PP levels can be used as an early REFERENCES marker of the viability of fetal pig pancreas transplanted
